A study of the effect of oxygen flow rate on the energy band gap of the c-axis-oriented ZnO and Zn 0.95 Cu 0.05 O films, deposited on glass substrates by RF magnetron sputtering, is reported. An increase of the oxygen flow rate (partial pressure) during deposition results in an increase in the band gap (E g ) of Zn 0.95 Cu 0.05 O films from 2.80 to 3.10 eV. The maximum observed enhancement is 10.5%. For the same oxygen flow rate (partial pressure), the band gap of a Zn 0.95 Cu 0.05 O film is found to be lower than that of ZnO as predicted by Ferhat et al (2009 Appl. Phys. Lett. 94 142502). A correlation has been observed between the residual strain and the band gap of doped and undoped ZnO films.
Introduction
Wide-band gap semiconductors GaN and ZnO have continued to be studied extensively due to their potential applications and interesting science involved in their properties. In particular, ZnO films are already widely used for applications in surface acoustic waves, gas sensors, as a transparent conducting material, for high transmission in the visible region, as piezoelectric transducers and solar cells, to name but a few, because of its possessing the properties desirable for such applications [1] [2] [3] [4] . These films show an energy band gap (E g ) of ∼3.3 eV, a high value of exciton binding energy of 60 meV at room temperature (RT) and n-type semiconducting behavior. The possibility of using these films for optoelectronic devices, such as light-emitting diodes, has already been discussed in the literature extensively and has been occasionally demonstrated as well. For high-efficiency optoelectronic device applications, it is desirable to reduce or tune the energy band gap in a broad range, besides being able to control n-and p-type doping. The fact that the energy gap of ZnO can be varied by doping ZnO films by means of substituting another metal element, such as Mg, Ca or Cu, at the zinc sites has been reported by many researchers over the last few years [5] [6] [7] [8] [9] . Some of these results show that the band gap of ZnO films can be varied from 3.05 to 3.99 eV by controlling the doping amount of a given element. The maximum value of the band gap 3.99 eV is reported for Zn 1−x Mg x O films, with x = 0.33, grown on sapphire substrates [5] .
Most oxide compounds always show some deficiency in oxygen from their stoichiometric values, unless due care is taken of their preparation, which usually involves elaborate experimental procedures. This deficiency in oxygen leads to changes in their otherwise expected properties. For example, the superconducting transition temperature of a high-T c superconductor YBa 2 Cu 3 O 7−x depends on the x value. It should not be surprising if a similar situation arises during the preparation of ZnO films leading to a variation of its E g depending on the preparation parameters. Some researchers have studied the effect of the oxygen partial pressure or oxygen/argon flow ratio on the energy gap of ZnO prepared by reactive direct current (DC) or radio frequency (RF) sputtering, using pure Zn as the target [10] [11] [12] [13] . In such cases, there is always a likelihood that the reaction of Zn atoms with oxygen may not take place fully; therefore, in the resultant film there is a possibility for the presence of a small amount of unreacted Zn that one may not be able to observe by x-ray diffraction (XRD). If it does happen, then it will affect the properties of the films. Very recently, a work by Bing Zhou et al has reported on the effect of O 2 /Ar flow rates on ZnO films prepared on quartz substrates by RF sputtering [14] using a pure Zn target. The authors concluded that the transmittance and energy band gap of ZnO films increase with an increase in the O 2 /Ar flow ratio.
Various physical properties of Zn 1−x Cu x O have been investigated by many workers ( [15] and references therein). Much emphasis has so far been placed on ferromagnetism and related properties of Zn 1−x Cu x O in the recent past [16, 17] . On the other hand, the optical properties of Cu-doped ZnO films have been reported by only a few workers [18] . In this context, it seemed interesting to study the effect of oxygen partial pressure on the properties of Cu-doped ZnO films during their preparation. This work reports on the preparation and characterization of ZnO and 5% Cu-doped ZnO films along with the undoped ones prepared by RF magnetron sputtering on glass substrates under different ratios of Ar/O 2 flow. The emphasis is on observing the changes in the energy gap in such films with the Ar/O 2 ratio. It is observed that with an increase in oxygen pressure, the band gap increases for Zn 0.95 Cu 0.05 O films.
Experimental details
In this work, ZnO and Zn 0.95 Cu 0.05 O films were prepared by RF magnetron sputtering using ZnO and Zn 0.95 Cu 0.05 O targets instead of the Zn and Zn-Cu strip targets that have previously been used by most other workers. The targets of ZnO and Zn 0.95 Cu 0.05 O were prepared using the solid-state reaction method. Purities of ZnO and CuO were 99.9%. The densities of these targets were ∼95% of their theoretical densities. The diameter of the target was 2 inches and the thickness was ∼3 mm. The substrates used were microscope slides (1 cm × 1 cm). These were thoroughly cleaned using the standard acceptable procedures. The system was pumped to ∼10 −6 Torr before sputtering was started. Prior to the deposition of a film, the target was pre-sputtered for 15 min while keeping the substrate covered to remove the target surface contamination. All ZnO films were deposited at a fixed RF power of 50 W and deposition time of 80 min while all Zn 0.95 Cu 0.05 O films were deposited at an RF power of 70 W and a deposition time of 100 min. ZnO as well as Zn 0.95 Cu 0.05 O films were deposited on glass substrates at RT with different argon to oxygen flow rate ratios keeping the Ar flow rate constant. Any rise in temperature of the substrate during the deposition was not monitored. The argon/oxygen flow rates used were 28/2, 28/9, 28/28, 28/48 sccm (standard cubic centimeters per minute). The chamber pressure during deposition was kept at ∼5 × 10 −3 Torr irrespective of the Ar/O 2 ratio. The target to substrate distance was fixed at 7.0 cm and the substrate was rotated at 13 rpm to reduce non-uniformity in film thickness. The film thickness was measured using a surface profilometer (Model XP1 of Ambios Technology, USA). The estimated error in thickness is within 5%. The structural characterization were carried out using a powder x-ray diffractometer (Philips PW 1830) with Cu Kα (λ = 1.5406 Å) radiation. The spectral transmittance was measured in the wavelength range of 190-2000 nm using a UV-Vis-NIR spectrophotometer (Jasco V570 spectrophotometer). The surface morphology of each film was examined using an atomic force microscope (AFM; SPA 400 of Seiko Instruments, Japan, with the SPI-3800 probe station).
Results and discussion
XRD patterns of ZnO and Zn 0.95 Cu 0.05 O films, with different oxygen flow rates used during the deposition, are shown in figures 1(a) and (b). All films of ZnO and Zn 0.95 Cu 0.05 O are found to be single phase having no impurity peaks in XRDs, especially Cu or CuO. The XRD patterns also show that films have hexagonal wurtzite structure with only (002) peak for each material, indicating that the preferred oriented growth of each film is along the c-axis even though the substrates used are glassy. The intensity of the (002) in XRD shows hardly any change with different Ar/O 2 ratios for ZnO films. However, it decreases systematically for Zn 0.95 Cu 0.05 O films although films of both materials were deposited under nearly the same conditions and were thick (see table 1 ). This may be due to some differences in morphology and micro-structure of films which may be slightly different in the two cases. An examination of x-ray peaks shows that the full − width at half-maximum (FWHM) of the (002) peak increases for ZnO films with an increase in oxygen flow, while it decreases for Zn 0.95 Cu 0.05 O films, which is an opposite effect.
The (002) figures 3(a)-(d) . For the film grown at 2 sccm (low) flow rate, the surface shows smooth features indicating less roughness of the film, while the film grown under 48 sccm (high) oxygen flow shows more rough surface features, indicating higher roughness. Surface roughness values obtained are ∼1 and 5 nm for the ZnO films and ∼2 and 11 nm for the Zn 0.95 Cu 0.05 O films, grown at 2 and 48 sccm oxygen flow, respectively. The film growth mechanism normally depends on deposited material and the substrate used for the deposition. The growth of the film can be divided mainly into three different modes: (i) island (Volmer-Weber), (ii) layer (Frank-Van der Merwe) and (iii) the Stranski-Krastanov mode [20] . Among these growth modes, a film prefers to grow on a mode that is highly dependent on the deposited material, the substrate used and the preparation conditions. If atoms of the deposit are more bound to each other than to the substrate, the island (Volmer-Weber)-type growth likely becomes the preferred mode. The other two growth modes can result when deposited atoms are loosely bound to each other than to the substrate (this normally appears in the case of nearly lattice-matched substrates). It is expected that the films prepared here, where the deposited atoms are more bound to each other than to the glass substrate, will prefer the island (Volmer-Weber) growth mechanism. Although the nature of the growth of a given film was not monitored at early (or different) stages of its growth, the final AFM images of different films (figure 3) indicate that the growth of these films is of island type. AFM images do confirm that the growth of the films is of island type. In this growth mode, after the initial nucleation, an island-like structure is formed, which then coalesces with each other. The shorter mean free path of sputtered species in a relatively higher oxygen flow (higher sccm) may also lead to agglomeration during deposition, resulting in rough surface, relatively less dense and thinner films. ∼10% less than what was reported in [14] . Bin Zhou et al [14] do not mention the thickness of films in their work. Our films are quite thick (see table 1 ) and a small possibility of some light scattering from inside of the glass slide may also be responsible for this difference. But our films show many interference fringes compared to the films of Bin Zhou et al [14] indicating more thickness and better quality.
There have been theoretical calculations [21] [22] [23] as well as experimental observations on Zn 1−x Cu x O ( [8, 19] and references therein) that there is a reduction in the band gap of Cu-doped ZnO. However, there is no calculation or experimental data on the effect of oxygen during the preparation of Zn 1−x Cu x O films except for ZnO [14] as mentioned earlier. The value of the band gap (E g ) for each film prepared under different Ar/O 2 ratios is calculated using the transmittance data. ZnO is a direct band gap semiconductor; therefore, the energy band gap values can be calculated using the Tauc relation
where E g is the optical band gap, A is the edge width and α is the absorption coefficient, which is given by
where T is the transmittance and d is the film thickness. E g values were determined by plotting (αhν) 2 as a function of photon energy (hν) and linearly extrapolating to α = 0. The calculated values of E g for ZnO films are plotted in figure 5(a) as a function of the oxygen flow rate along with the residual strain as mentioned before, and are also listed in table 1. It is observed that ZnO films prepared with the O 2 flow rate of 2 sccm show the band gap value of 3.48 eV, which is higher than 3.37 eV for bulk ZnO. Such higher values have been observed before. However, it is observed that the band gap decreases faster on increasing the O 2 flow rate to 9 sccm and after that it decreases slowly, reaching a value of 3.26 eV for the 48 sccm flow rate of O 2 during the deposition. This is in contrast to the results of Bing Zhou et al [14] , who show an increase in E g with increasing the O 2 /Ar ratio, and this possibly may be due to different preparation conditions. Figure 5 (a) also shows that E g increases as the strain becomes larger in ZnO films, which indicates that the strain may be affecting the electronic structure of ZnO films to some extent.
In using the transmission data to calculate the band gap for Zn 0.95 Cu 0.05 O films, one asks whether one can use the relation (1), which is valid for direct band gap materials. A theoretical study by Yan et al [21] has shown that doping of ZnO with Cu, Ag and Au may reduce the energy gap. Further, it has been pointed out by Ahn et al [8] that it is difficult to model the optical band gap either by a simple direct or indirect band gap, and when a Cu atom substitutes a Zn site in ZnO this leads to a strong d-p coupling between Cu and O, which in turn moves O 2p orbital up, resulting in a reduction of the band gap and the Cu 3d orbital forms an impurity bands above the ZnO valence band. It is known that the transitions from the impurity band to the conduction bands are normally a mixture of direct and indirect transitions. This effect is probably seen in the rise of transmission where ZnO films show a very sharp rise while Cu-doped films do not show such a sharp rise. Thus, it is difficult to use either direct or indirect band transition relations like (1) O films with an increase in the oxygen flow ratio may be due to two effects: (i) oxide compounds are known to have oxygen deficiency to a certain extent. Increasing the flow of oxygen is expected to cause this oxygen deficiency to decrease; hence, films prepared under higher concentration of oxygen may show an increase in E g ; and (ii) this may also result in changes in d-p coupling between Cu and O atoms, resulting in an increase in E g . However, one may have to perform detailed theoretical calculations to confirm the above.
The change in band gap of semiconductor films from its bulk value happens due to various effects such as doping, preparation conditions (oxygen pressure, etc), strain due to mismatch with the lattice of the substrates or otherwise, crystallite size and film thickness and are documented through numerous reports. It is very difficult to isolate the contributions of different possibilities. The effect of quantum confinement on band gap becomes negligible after the crystallite size becomes more than 10 nm [24] . Since our films are quite thick (>400 nm), the thickness effect cannot be responsible for the observed behavior, while for Zn 0.95 Cu 0.05 O film the crystallite sizes are bigger than the quantum confinement limit. We believe that the change in band gap of ZnO when Cu is substituted is well explained by the theoretical calculations mentioned earlier. However, the change in band gap due to variation in the oxygen flow rate during RF sputtering most probably has something to do with the oxygen content in the films. Further, figures 5(a) and (b) indicate that an increase in strain results in an increase in E g , while a decrease in strain results in a decrease in E g . So, the strain in a film seems to have a direct correlation with the band gap besides other factors. Some theoretical work in this direction should be taken up to understand the observed behavior.
Conclusions
Highly [22] . The maximum increase observed in the band gap of Zn 0.95 Cu 0.05 O films is ∼10.5% at 48 sccm oxygen flow rate. Residual strain in films shows a correlation with the energy gap values. It seems that a substantial modification in band gap of Cu-doped ZnO films can be achieved by varying the oxygen flow rate during the deposition of films by RF sputtering and/or by variation in residual strain in films.
